Introduction
The question of just how flexible are oligosaccharides has been somewhat controversial (Carver, 1991 (Carver, , 1993 Homans, 1993) . Some workers have presented results which were interpreted as indicating that the stereochemical constraints of the glycosidic linkage are much more restrictive than those of the peptide bond and that oligosaccharides have much more restricted motion than peptides (Bush, 1992) . Other research groups have described results which indicate that oligosaccharide motions are generally not very restricted and that oligosaccharide epitopes do not have a single discrete conformation.
Our group has published NMR and molecular modeling including molecular dynamics simulations for a number of blood group oligosaccharides having the blood group A and H epitopes arguing that single conformations or a family of closely related conformations could explain the data, (Rao et al., 1985; Bush et al., 1986; Yan et al., 1987; Yan and Bush, 1990; Cagas and Bush, 1992) . We have applied similar NOESY simulation and molecular dynamics methods to blood group oligosaccharides of the Lewis type including Lewis", Lewis*, and Lewis x concluding that these epitopes are rigid (Cagas and Bush 1990, Mukhopadhyay and Bush, 1991; Miller et al., 1992) . For the case of the sialyl Lewis x structure, the E-selectin receptor, we have proposed a rigid Lewis x core with flexibility of the Neu5Ac (2 -»• 3)-linkage (Mukhopadhyay et al., 1994) .
All these conclusions have been based on reconciliation of molecular dynamics simulations with NOE data and some additional support from far ultraviolet circular dichroism spectra. However, interpretation of NOE data in systems with conformational fluctuation is difficult and some workers have claimed that it is possible to misinterpret NOE data for flexible oligosaccharides and to incorrectly conclude that they are rigid. As a result of uncertainty in the interpretation of NOESY data for flexible systems, it has been proposed that long range coupling constants ( 3 Jcw) might be a useful adjunct for testing the validity of rigid models and as an additional source of conformational data necessary to refine the parameters needed to accurately describe flexible models. In this paper we evaluate a recently introduced method for measuring 3 J OT in natural abundance I3 C for the milk pentasaccharide LNF2 (for oligosaccharide structures, see Table I ). This oligosaccharide contains the Lewis" blood group epitope which is proposed as a relatively rigid structure.
As a contrast to the relatively rigid Lewis" epitope, we propose the antigenic tetrasaccharide fragment from the cell wall polysaccharide of Streptococcus mitis ill which is flexible. This is a branched tetrasaccharide which superficially resembles blood group oligosaccharides in composition and structure. It is made up of neutral hexoses, 6-deoxy hexoses and N-acetyl amino sugars in fixed pyranoside conformations joined in a branched linkage. Molecular modeling for this tetrasaccharide fragment indicates much less restricted molecular motion, (Xu et al., 1996) . We have constructed a flexible model for this tetrasaccharide which invokes three distinct conformations in fast exchange. The model has been reconciled with both NOESY and 3 3 CH data measured on a I3 C enriched polysaccharide sample. In this paper we present NMR data on a heptasaccharide from the cell wall of S.gordonii strain 38 which has the same tetrasaccharide fragment (see Table I for oligosaccharide structures). The NMR methods used are similar to those which we have applied to blood group oligosaccharides but they lead in this case to quite different conclusions about oligosaccharide flexibility. Thus, we are able to compare similar types of NMR and molecular modeling data for two oligosaccharides of a similar size, concluding that one of them is rigid and that the other is flexible.
Results
The assignments of the 'H NMR spectrum of the milk pentasaccharide LNF2 given by Cagas and Bush (1990) were found to be in agreement with our present data, but earlier assignments of the 13 C spectra of LNF2 using a low field spectrometer by Bush et al. (1985) were not adequate for these experiments. Revised assignments based on heteronuclear spectra (HMQC and HMBC) are reported relative to acetone (2.225 ppm and 31.07 ppm, respectively) in Table II .
The "] CH were extracted from the antiphase splittings in SQMBC spectra by comparison ('fitting') of the line shape of a f2 cross-section through a given long range correlation from the SQMBC spectrum with a corresponding reference line shape. As shown in Figure 1 , a and b, for example, the reference line shape for HI of a-Glc was generated by taking a ID proton spectrum. The reference multiplet was inverted and added to a shifted copy of the original reference spectrum. The resulting line shape (Figure la, solid line) is compared to the f2 cross-section line shape of interest (dotted line). The shift (in points) which gives best fit between the cross-section of 'H-13 C correlated spectrum and the reference line shape is a measure of the "J C H coupling. In instances of proton signals which overlap in ID spectra, f2 cross-sections from 2D HOHAHA cross peaks can be used to generate reference line shapes. For example, ^iciim of -Gal 4 was estimated by fitting a reference line shape generated from the corresponding HOHAHA cross peak (Figure lb, solid lines) . It should be noted that the magnitudes in these fits are arbitrary and the fitting matches only the line shape. Figure la shows the SQMBC spectrum and the fitting of the reference multiplet to the antiphase doublet arising from long range C-H coupling for 3 J W i. C s of the a-Glc of residue of LNF2. This is a narrow homonuclear doublet ( 3T //i-/fi ==» 3 Hz) with a large heteronuclear antiphase splitting and the measured value of 6.7 Hz is in good agreement with literature values measured for a-methyl glucoside (Gidley and Bociek, 1985) . But for broader homonuclear multiplets or smaller heteronuclear coupling values, the fitting is not well determined. This is illustrated in Figure  lb showing fits to the cross peak of H4 of gal 4 with C2 of Upper (dotted) curve shows f2 cross-section from the SQMBC spectrum and lower (solid) curve shows best fit of the reference spectrum, (b) 3 JCI-HA of Gal4. Upper curve shows f2 cross-section and three lower curves show three equally good fits of the reference spectrum the same residue. Antiphase splittings between 3.3 and 6.6 Hz fit the spectrum equally well. Our results for broader proton multiplets were even less satisfactory. We conclude that this method will not give reliable values for small coupling constants in oligosaccharides. Kogelberg and Rutherford (1994) have used the SQMBC method to measure 3 J CW for a trisaccharide having the same Lewis" determinant as LNF2. We will discuss the limits of reliability of their data below.
As a result of the limited reliability of the SQMBC method for the pentasaccharide, we have applied a method suggested by Zhu and Bax (1993) which involves quantitative measurement of coherence transfer and is expected to give more reliable values of 3 J C «. The long range coupling constants of the milk oligosaccharide LNF2 were calculated from the equation (Zhu and Bax, 1993) :
S C H and S,,/are the correlation and reference peak inten- Table III . Intraresidue "J c « for the pentasaccharide lacto-N-fucopentaose 2. determined by quantitative coherence transfer Morat et al. (1988) . % noise present in this region.
sities recorded with N and N rt/ scans, respectively, and A (A = 1.108%) is the natural abundance of the 13 C nucleus. The constant sin 2 (a) was determined to be 0.84 by measuring the "J cw of a-Me-Glucoside for which "J CH were reported previously (Gidley and Bociek, 1985) . It should be noted that although linear phase correction was necessary in fl for some regions of the 2D HMQC spectrum, the intensity ratios were still estimated accurately. It is important that the magnitude in these fittings is relevant since the quantitative coherence transfer is accounted for. Thus both the shape and magnitude are used in the fitting in contrast to the SQMBC method in which one can fit only the curve shape.
The reliability of "J cw values measured for oligosaccharides by this method is reflected in Table III which shows good agreement between our values and those reported by Morat et al. (1988) for substituted monosaccharides. Figure 2 shows f2 cross-sections through the reference spectra (dotted line) and the correlation spectra (solid line) used to calculate 3 J CH for five interglycosidic linkages. Our measured experimental values of the 3 J C H extending across the glycosidic linkages in LNF2 are presented in Table IV together with calculated values derived from a model of Cagas and Bush (1990) . In these calculations, a formula suggested by Tvaroska et al. (1989) has been used to relate 3 J C H to glycosidic dihedral angles. Figures 2 and 3 illustrate the quality of the fit as well as the precision and accuracy of the measured 3 J CW which we estimate to be about ±0.2 Hz. Since the error is dictated by the signal to noise ratio in the HMBC data, it is the same absolute value for large or small coupling constants. Kogelberg and Rutherford (1994) have reported 3 J C « values for a Lewis" trisaccharide from the antiphase SQMBC method discussed above with which we can compare certain of our data for the pentasaccharide, LNF-2. Our results agree well for the value of ^Hi/uc-agkNAc and for ^cigd-HAsicNAc, but our value for 3 J mp>i-ciitcNAc of 2.7 Hz is smaller than that reported by Kogelberg and Rutherford (1994 (Zhu and Bax, 1993) . Scale factors used in fitting are given in the figure propose that the antiphase method they used gives an over estimate for this small coupling constant. While the problem of antiphase cancellation may contribute a small error for the trisaccharide which they studied, the errors Cagas and Bush (1990) in the SQMBC method for our pentasaccharide (LNF2) are considerably more serious.
The model used for calculation of the coupling constants in Table IV (Cagas and Bush, 1990 ) is essentially identical to that derived from molecular dynamics simulations by Mukhopadhyay and Bush (1990) and is similar to the model of Kogelberg and Rutherford (1994) . We conclude that the measured values of 3 J C « for LNF2 are in good agreement with a rigid model predicted by molecular modeling calculations and with NOE data.
Analysis of similar molecular modeling, NOESY data and 3 J C w data for the antigenic tetrasaccharide fragment from the cell wall polysaccharide of viridans streptococci leads to a qualitatively different conclusion. The complete assignment of the 'H NMR spectrum of the heptasaccharide from the cell wall polysaccharide of S.gordonii 38 was done by standard techniques of DQF COSY and HO- HAHA to trace the 'H spin systems. The proton spins of residues a-Rha (g), /3-Rha (b), and /3-Glc (c) can be assigned from DQF-COSY and HOHAHA spectra and their connected carbons can be read from HMQC. However, only the proton spins from HI to H4 of galactoses (aGalNac (a), /3-Galf (d), /3-GalNac (e), a-,/3-Gal (f)) can be assigned from DQF-COSY and HOHAHA. But given the assignment of Cl to C4 from HMQC, the remaining proton and carbon spins can be assigned from the combination of HMQC and HMBC. Residue linkages were confirmed by HMBC. The chemical shifts of protons and carbons are tabulated in Table V. The NOESY cross peaks were assigned according to the chemical shifts and their intensities were integrated with FELIX software. The isolated diagonal peaks were also integrated. Their intensities at zero mixing time V(0) were calculated according to Equation 1 (Bush, 1994) 
0)
The NOE intensity was simulated using a complete relaxation matrix scheme (Keepers and James, 1984; Bush, 1994) . For the purposes of comparison with the NOESY simulation (see Table VI ), experimental cross peak volumes were divided by V(0), the volume of the diagonal peak at t m = 0. For diagonal peaks which were not resolved, the average value of the volume of isolated peaks was used.
The effective rotational correlation time was adjusted to find a best fit between experimental NOE data on the heptasaccharide and simulated NOE data for proton pairs on the same ring whose cross peak intensities do not depend strongly on oligosaccharide conformation. For the residues a, b, g, and c the effective rotational correlation time for the heptasaccharide at 7°C was found to be 1.8 ns, on the same order as that obtained for NOE simulation of the S.mitis ill polymer sample at room temperature (1.4 ns). The NMR line width observed for this polymer indicates its short effective rotational correlation time and is consistent with segmental motion independent of the degree of polymerization.
We have previously reported molecular modeling including MD simulations for the antigenic tetrasaccharide fragment in connection with our studies of polysaccharide from cell wall of S.mitis ill. This polysaccharide is very similar to that of S.gordonii 38 and contains the same antigenic tetrasaccharide fragment (Xu et al., 1996 ) (see Table I for structures). In contrast to the molecular modeling of the relatively rigid Lewis" trisaccharide (Mukhopadhyay and Bush, 1991) , results for this tetrasaccharide show conformational transitions of the glycosidic dihedral angles and a number of distinct conformational energy minima were found within a modest energy range. Our model for the antigenic tetrasaccharide, which was reconciled with NOESY data and 3 J CW data on the polysaccharide from cell wall of S.mitis J22, retains substantial flexibility.
The experimental NOE data for the heptasaccharide are somewhat similar to those previously reported for the polysaccharide from strain J22. Therefore, NOE intensities were generated for inter-residue proton vectors of residues a, b, g, and c for the 15 low energy conformations of the tetrasaccharide fragment listed in Table III of the paper by Xu et al. (1996) . We find that simulated NOE for no single conformation agrees with the experimental data on the heptasaccharide (see Table VI ). A similar conclusion was reached from comparison of the experimental data on the J22 polysaccharide with the simulations for these 15 conformations. Therefore, we have used the virtual conformation model in which we assume mixtures of various conformations which exchange at a rate slow compared to the rotational correlation time but fast compared to the NMR time scale. We then adjust the statistical weights of selected conformations to give agreement with experimental NOESY data. Since the NOE data for the oligosaccharide of S.gordonii 38 are rather similar to those for the S.mitis J22 polysaccharide (Xu et al., 1996) , the same virtual conformation mixture was used as in that case. That model was derived with the help of 3 J CW data which were available for the polysaccharide from S.mitis ill. The NOE intensity simulation for the mixture of conformations 3, 4, and 8 from Xu et al. (1996) was carried out with a weighted average relaxation matrix, containing the three conformations in the ratio of 0.50:0.35:0.15. This ratio which was judged to be the optimal fit for the NOE and 3 J CH data for the polysaccharide gives a reasonable model for the same tetrasaccharide fragment in the heptasaccharide from S.gordonii as shown in Table VI .
The data of Table VI show that a combination of conformations 3 and 4 explains most of the NOE cross peaks observed experimentally. But the two-conformation model does not properly account for the orientation of residue c with respect to residue b. Although strong NOE is predicted between bHl and cH3 for conformation 3 and between bHl and cH4 in conformation 4, these two conformations do not explain the observed NOE between bHl and cH5. The explanation of this cross peak requires the inclusion of conformation 8. To fit all these NOE, the virtual conformation mixture of conformations 3, 4, and 8 is necessary. The fact that the same conformational model fits the experimental data for the tetrasaccharide fragment in both the polymer and in the heptasaccharide implies that the anisotropy of motion is not a serious problem in the interpretation of the NOE for the polysaccharide sample (Xu et al., 1996) . Neglect of anisotropic motion for interpretation of NOE data in polysaccharides is not necessarily valid in general. The polysaccharide from S.mitis J22 shows exceptionally narrow 'H NMR lines and may have more internal flexibility than some other high molecular weight polysaccharides.
Discussion
In general, 2D methods for natural 13 C abundance studies (SQMBC, Norwood et al., 1990; quantitative HSQC, Zhu and Bax, 1993) are attractive since they allow extraction of several coupling constants from a single data set and because of the excellent resolution provided by the 13 C chemical shift. Long range coupling constants in the SQMBC method are estimated from a splitting of antiphase components of a given multiplet. However, increased NMR line width and overlap of antiphase components of the complex proton homonuclear multiplets results in partial cancellation of the signal and decrease in the reliability of the estimated "J cw values. For the case of the pentasaccharide LNF2 we found that although in favorable cases reliable "J C w can be obtained (Figure la) , in most cases it is impossible to extract reliable coupling constants, especially for small heteronuclear coupling constants as is illustrated in Figure lb . Lower precision of estimated "J CH values using the SQMBC experiment was reported for some coupling constant values in the case of the Lewis" trisaccharide (Kogelberg and Rutherford, 1994) . We believe that systematic overestimates of small 3 J CW will pose a serious barrier to use of this method in larger oligosaccharides.
The quantitative multiple bond HMQC method for measurement of "Jew coupling (Zhu and Bax, 1993) important limitation of method we have used here, especially for oligosaccharides, is the requirement for an isolated proton multiplet for use as a reference. But this problem can be overcome with a 1-bond HMQC spectrum appropriately scaled to obtain a reference spectrum as has been recently shown by Zhu et al. (1994) . A second limitation of the method that is not so easily overcome is that a very large oligosaccharide sample is needed for the method. Since there is considerable loss of magnetization by transverse relaxation during the two long delays in the long-range HMQC pulse sequence, the signal-tonoise ratio for the spectrum can be considerably degraded.
We have applied similar molecular modeling and NMR methods to two different branched complex oligosaccharides and each of three different lines of evidence leads to contrasting conclusions regarding their flexibility. For the Lewis" trisaccharide we find, in agreement with several previous studies, that a rigid model fits well with both NOESY and 3 J C H data as well as molecular dynamics simulations. In fact it may be more realistic to envision this 'rigid' model as a family of closely related conformations in fast exchange since it seems likely these experimental methods could not distinguish such fine detail But our model for the antigenic tetrasaccharide fragment from the cell wall heptasaccharide of S.gordonii 38 is readily distinguishable from a family of closely related conformations. For this case we find that no single conformation can fit either type of NMR data and that molecular dynamics simulations also suggest transitions among distinctly different conformations.
Although these two oligosaccharide epitopes are superficially similar, subtle differences in the stereochemistry must have a significant influence in determining what fraction of the conformational space is available and thus in determining conformation and flexibility. Lipkind et al. (1988) have studied a wide variety of (1 -+ 2)-, (1 -* 3)-, and (1 -> 4)-disaccharide linkages of oligosaccharides by NOE and molecular modeling methods. Their attempt to correlate observed conformations with stereochemical factors has identified a number of crucial factors which determine conformation. Features which they identified for disaccharides made up of pyranosides in the normal chair conformation include (1) anomeric configuration of the nonreducing terminal sugar, (2) axial or equatorial orientation of the linkage oxygen of the aglycone or reducing terminal residue, (3) axial or equatorial orientation of the hydroxyl groups at the two positions adjacent to the linkage position, (4) absolute configuration of the sugars. In this list of crucial properties, there are five different pairs of configurational features implying 32 possible combinations for each type of disaccharide linkage position. Since no complete study of all 32 possible combinations is available for any of the disaccharide linkage positions, it is not possible to evaluate all the stereochemical interactions which determine the conformational flexibility of a single linkage. For branched tri-and tetrasaccharide epitopes such as those discussed in this paper, there are likely to be additional stereochemical features which influence the conformation and flexibility. Therefore, it will be quite difficult to make broad generalizations about the conformation and flexibility of complex oligosaccharides without additional experimental data and molecular modeling calculations.
Materials and Methods
The oligosaccharide from the cell wall polysaccharide of S.gordonii 38 was prepared by mild acid hydrolysis to cleave the glycosyl phosphate linkages in polysaccharide backbone (for structures, see Table I ). The polysaccharide was passed over Dower 50 X 8 (H+ form) and eluted with water. Fractions containing the polysaccharide detected by UV absorbance at 200 nm were collected and freeze dried. After being dissolved in D 2 O they were heated in the NMR probe to observe the progress of the hydrolysis of polysaccharide (Abeygunawardana et al., 1991; Cisar et al., 1995) . After 3-5 hrs, the resonances assigned to the glycosyl phosphate disappeared and resonances characteristic of reducing terminal sugars appeared in the 'H NMR spectrum. Cleavage of the phosphomonoester from C6 of the nonreducing terminal sugar was catalyzed by alkaline phosphatase of E.coli (Sigma) and was monitored by ^P NMR spectroscopy. Pure oligosaccharides without phosphate were isolated by gel filtration on Biogel P-2 eluted with water and monitored by UV absorbance at 200 nm (Cisar et al., 1995) .
The LNF2 sample was isolated from human milk and its characterization has been reported previously (Bush et al., 1985) (for structures, see Table I ). For NMR spectroscopy, the oligosaccharides were exchanged with 99.6% D 2 O and lyophilized three times. The NMR sample was prepared by redissolving the dried sample in 450 fi\ of 99.96% D 2 O. The concentration for LNF2 was about 60 mg/ml and for the S.gordonii heptasacchande was about 20 mg/ml. Spectra of LNF2 were recorded on a GE GN-500 spectrometer at 500.11 MHz 'H. The 2D single quantum multiple bond correlation, SQMBC, experiment (Norwood et al., 1990 ) was recorded at 25°C with a spectral width of 2.27 kHz in f2. Two sets of 172 x 2K complex data matrices were acquired in alternating blocks with 256 scans per tl and digital resolution of 1.1 Hz/point in f2, and 41.5 Hz/point in fl. Zero filling in fl resulted in a 2K X 2K real data matrix. Reference multiplets were extracted from a 1D proton spectrum or from a 2D HOHAHA spectrum recorded with the pulse sequence of Bax and Davis (1985) with a mixing time of 70 ms. The spectrum was recorded as a 2 x 384 x 2K data matrix with digital resolution of 1.1 Hz/point in f2 and 5.9 Hz/point in fl. Zero filling m fl resulted in 2K X 2K real spectrum. The FELIX program was used to process the SQMBC data and to estimate the values of the long range "J CH couplings as described below.
The quantitative 2D HMQC spectra were acquired using the pulse sequence of Zhu and Bax (1993) . -t,/2 -180x -t,/2 --Dec.
Modified phase cycling was used for phase sensitive acquisition (States et al., 1982) . The 2D 'reference spectrum' was obtained as reported originally (Zhu and Bax, 1993) , with 90° "C pulses replaced by delays of 34 fis which was the 90° 13 C pulse width used in this experiment. Both spectra were recorded at 24°C with A = 40 msec using 208 t, increments, with 96 scans per t, increment for the 'H-13 C spectrum and eight scans for the reference spectrum. Two sets of 208 x 1024 complex data matrices were collected in alternate blocks for the 'Hl:> C correlation spectrum while for the 2D reference spectrum one 208 (real) x 1024 (complex) matrix was recorded and zeros were inserted for each t, value of the imaginary data prior to the l t Fourier transformation as described by Zhu and Bax (1993) . Cosine-bell apodization was used in both t, and t 2 dimensions and the final zero-filling resulted in digital resolution of 2.8 Hz/point and 12 Hz/point in f2 and fl respectively. The FELIX program was used to process the HMQC data and to calculate the ratio of the intensities of the correlation and reference spectrum. In this study we applied the 'scaling factor' approach, which was previously reported (Zhu and Bax, 1993) to give better sensitivity. In particular rows through the corresponding CTOSS peaks were inverse Fourier transformed and zerofilled to 2K real points to provide a resolution of 1.4 Hz/point in f2. Following the back Fourier transformation the corresponding correlation peak was multiplied by a factor which gives 'best fit' between the reference and the correlation peak.
All the spectra of the S.gordonii 38 oligosaccharide were acquired at a probe temperature of 7°C on a GE-Omega PSG 500 spectrometer with Sun workstation. The experimental data were reformatted and processed with FELIX NMR software. Selective T, measurements on isolated proton spins were carried out with an inversion-recovery pulse sequence using a selective 180° pulse of 8.11 ms and a pulse delay of 10 s. For the purpose of assigning the proton spectrum of this oligosaccharide, twodimensional DQF-COSY, HOHAHA, HMQC and HMBC were acquired with a spectral width of 2239.64 Hz in the proton dimension and 30,000 in the carbon dimension. The acquired data size for DQF-COSY was 2048 x 512 with 64 transients in each block. The isotropic mixing time in HOHAHA was 80 ms with 2 ms trim pulses flanking the mixing time at a field strength of 5.8 kHz with MLEV17. The data size of HOHAHA was 2048 X 512 with 32 transients in each block. Carbon decoupling strength (WALTZ16) was 4 2 kHz during acquisition in HMQC. The data size of HMQC was 512 X 512 with 128 transients in each block. The first delay for suppressing 'J c « coupling in HMBC is 3.4 ms and the second delay for developing long range 13 C-'H antiphase components was 56 ms. The data size was 1024 x 512 with % transients in each block. The NOESY data size was 1024 x 512 with 16 transients in each block. The final matrix size of all the two-dimensional NMR spectra was 1024 x 1024. The FIDs along the acquisition and evolution dimensions were apodized with a 90° shifted sine-bell function. The baseline along the 13 C dimension in HMQC was flattened with first point linear prediction of the FIDs using FELIX software.
The spectra for the selective T, experiment were processed with Omega software on the Sun workstation. The FIDs were apodized with an exponential decay function of 0 1 Hz. The phases of all spectra were adjusted with parameters obtained from the spectrum with the longest delay by phasing all the peaks as positive. Selective T, values were obtained by fitting the peak height to a T13IR function with the aid of 'reduce' and 'lsqtool' in OMEGA software.
